ABSTRACT. Prenatal exposure to the dopaminc (DA) agonist cocaine, even if limited to early gestation, is associated with impaired developmental outcome in the human infant. \Ye investigated the possible role of neurotrophic factors in this process by evaluating 4-to 6-d-old New Zealand \\'bite rabbit pups ( n = 14) born to cocaineexposed does (30 mg/kg/d s.c. from days 7 to 15 of a 32-d gestation) and control does (sterile H20). Cocaine esposure reduced striatal dopamine by 46% (t = 2.31; p < 0.05) and striatal 3,4-dihydrosyphenyl acetic acid by 49% (t = 2.44; p < 0.05). The number of neuron-specific enolase immunoreactive neurons in mesencephalic cultures incubated with striatal estracts from pups esposed to cocaine was reduced by 61% relative to the effect of striatal estracts from control pups (t = 4.84; p < 0.01). The present results suggest that the reduction in striatal dopamine observed may result from a cocaine-induced decrease in striatal trophic activity. (Pediatr Res 34: 389-392, 1993) Abbreviations DA, doparnine DOPAC, 3,4-dihydrosyphenyl acetic acid E, embryonic P, postnatal IIBSS, Ilanks' balanced salt solution TBS, Tris-buffered saline NSE, neuron-specific enolase NSEir, NSE immu~:oreactive Prenatal exposure to the DA agollist cocaine is associated with impaired developmental outcome in the human infant (1-9). Reported observations include a broad spectrum of abnormalities. However, variability in study methodology, patient populations, and dose, duration, and gestational timing of cocaine exposure prevent a clear understanding of the specific relationship of cocaine to the type and severity of impairment. Mechanisms that may be responsible for the altered developmental outcorne after prenatal cocaine exposure remain elusive. Although speculated, the role of neurotransmitters has not been thorcughly investigated in the human infant. However, recent studies of the DA system of maturing rodents after in lrtcro
cocaine exposure document a depletion of striatal DA content and other indices of DA neurotransmission (10) (11) (12) .
We have previously developed animal models to invcstigate the effect of prenatal cocaine on postnatal growth (1 3) and the ventilatory (14) and physiologic responses to postnatal hypoxia in the newborn rabbit (15) . We have also shown that chronic treatment with other dopamine agonists reduces striatal dopamine content as well as striatal trophic activity (16, 17) . Based on these clinical and animal observations, we sought to investigate the relationship between dopamine and striatal trophic activity in the newborn after in lrtcro cocaine exposure in our animal model.
MATERIALS AND METHODS

St~rrij, de.vigt7. The study design included six New Zealand
White rabbit does among cocaine-treated (CC) and control (VEH) groups. No restriction was placed on food or water intake. Approval was obtained from the Institutional Animal Care and Use Committee.
Rabbits were mated on d 0 of timed gestation. Because the rabbit ovum does not implant until d 7 ofgestation (18), injection did not begin until d 7 to avoid interference with ovum implantation. To provide the equivalent of early gestation cocaine exposure, a daily s.c. injection of 30 mg/kg (0.089 mmol/kg) cocaine HCI (Mallinckrodt, St. Louis, MO) in 10% solution with sterile water was administered to each cocaine-treated doe and a matched volume of sterile water to each control doe from d 7 through 15 of a 32-d gestation. Cocaine was prepared fresh daily. The injection site was rotated daily to avoid tissue necrosis.
Poplrlation atld general proccd~rres. Fourteen New Zealand White rabbit pups (7 CC, 7 VEH) born to the six does were studied between 4 and 6 d of age. Mean pup weights were 89 f 14 g (CC) and 82 f 19 g (VEH) (NS). The pups were lightly anesthetized with halothane (4%) and subsequently exsanguinated by perfusion. The brain was then removed, immersed in liquid methylbutane for 90 s, wrapped in aluminum foil, and stored at -80°C.
Spccimen preparation. For tissue dissection, the brain, still frozen, was mounted on a cryostat chuck and 750-pm-thick coronal sections were cut starting at the rostrum of the striatum. A tissue punch (1.0 mm internal diameter) was taken from the center of the striatum in the second coronal section and homogenized, and the supernatant was passed to HPLC for analysis of DA and its metabolite DOPAC (19) . The pellet was resuspended in 1.0 N NaOH and assessed for total protein as previously described (19) . The remainder of the striatum was then dissected from each coronal section using a "knife and fork" technique. The tissue was homogenized in HBSS (40 mg wet weight/mL HBSS) and the supernatant "extract" assessed for total protein using a protein assay kit (Bio-Rad Laboratories, Richmond, CA) (16, 20) . A section of cerebellum was similarly processed. All extracts were then diluted with HBSS to yield a n equivalent protein content across all samples. Aliquots were taken and
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stored at -80°C for subsequent assessment of trophic activity. 37°C with 95% air and 5% COz.
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Forty h after the addition of the extracts, the cultures were 1 VEHICLE Q COCAINE rinsed once with Tris-HC1 in 0.9% NaCI (TBS, 0.05 M; pH 7.6). Fig, I . The of prenatal cocaine on striatal DA, DOPAC, and The cultures were then fixed using 4% paraformaldehyde, 1% NSEir cell counts in culture. ~~; / j , Levels DA and DOPAC in the glutaraldehyde, and 0.2% picric acid in a 0.2 M sodium acetate striatal tissue punches taken from 4-to 6-d-old mbbit pups after prenatal buffer (pH 5.0). After 2.5 h, the wells were rinsed lwice with TBS vehicle or cocaine exposure. Riiqlrt, The number of NSEir neurons present containing 0.25% Triton-X-100 for 5 min. The wells were again in culture 40 h after incubation with
rinsed twice with TBS. The cultures were lhen incubated with extracts taken from 4-to rabbit pups exposed to vehicle or 10% normal goat serum (Gibco, Grand Island, NY) for 1 h and cocaine prenatally, (* = < 0.05: ** = < 0.01: vehicle , . , s cocaine then rinsed three times for 5 min each with TBS. Rabbit anti-rat NSE (1:500) (Eugene Tech, Ridgefield Park, NJ) and 1% normal sheep serum (1:1000) were added to the cultures for 1 h. Three 5-min rinses with TBS were followed by culture incubation in trophic activity in the newborn rabbit. T o our knowledge, this the avidin-biotin complex (ABC Elite kit; Vectastain, Vector study represents the first report investigating the relationship Laboratories Inc., Burlingame, CA) diluted I:10 000. The reac-between prenatal cocaine exposure during early gestation and tion was completed by incubating the cultures in a chromogen postnatal neurotrophic activity. solution containing TBS, 0.05% 3-3'diaminobenzidine, 2.5%
Mesencephalic neurons growing at low densities in defined nickel ammonium sulfate, and 0.003% hydrogen peroxide. media die rapidly. Several laboratories (21) (22) (23) (24) (25) (26) , including ours The plates were air dried, dehydrated, and then scored for the (16, 17, 19, 20, (27) (28) (29) (30) (31) , have demonstrated that the addition of number of NSE neurons by a n observer blinded to treatment striatal extracts containing trophic activity directed at mesencehistory. Using a phase-contrast, inverted microscope Fluovert phalic neurons reduces this ncuronal death rate and stimulates (Leitz, Leipsig, Germany) the center strip of each well was the growth of DA neurons. As seen in the present study, messcanned from the top of the well to the bottom (approximately encephalic cultures incubated with striatal extracts from un-21% of the total surface area). Neuronal cells were operationally treated animals rcduced the neuronal death rate relative to the defined as NSEir cells, which had a well-defined, thin Process effects of extracts from the cerebellum or cultures incubated with extending at least one half the diameter of the cell body. The a n equivalent quantity of BSA. This suggests that the striaturi~, mean NSEir cell counts from the eight replicate wells for each a "target structure" of mesencephalic neurons, contdins trophic tissue extract, protein, and plate control served as the dependent activity that supports the growth of mesencephalic n-urons, measure of trophic activity. DA and D o P A C (expressed as ng/ whereas the cerebellum, which is not a target struc1asc of the mg protein) and number of NSEir cells in the cultures were mesencephalon, does not support growth any mcic than BSA. analyzed using the t test with comparisons made between the The fact that cultures incubated with striatal extracts from rabbit cocaine-exposed and vehicle pups. Values were considered sig-pups exposed to cocaine prenatally cont:lincd fewer neurons nificant if p was less than 0.05. therefore suggests that striatal trophic activity was reduced by it1 utcro cocaine exposure. Whether or not the observed reduction RESULTS in striatal trophic activity was speciiic for DA neurons or other neurons in culture was not evaluated in this preliminary study
In rctero cocaine exposure (30 mg/kg/d) during gestational d because of the limited quantity of tissue available. However, in 7-1 5 resulted in a 46% reduction in striatal DA content assessed all of the studies we have performed to date, alterations in striatal at postnatal d 4-6 (t = 2.31; p < 0.05: Fig. 1, left) . The DA trophic activity in low cell density cultures have been asaociztcd metabolite DOPAC was similarly reduced (t = 2.44; p < 0.05).
with changes in indices of CA neuron growth (16, 17, ' 9 . 20, Assessment of striatal trophic activity 40 h after addition of [27] [28] [29] [30] [31] . the extracts to mesencephalic cultures revealed that in ulcro The reductions in striatal DA and its metabolite DOPAC are cocaine exposure reduced, by 61 %, the number of NSEir neurons consistent with several recent reports. Prenatal cocaine exposure growing in culture ( t = 4.81; p < 0.01: Fig. 1, right) . However, (60 mg/kg intragastric; E8-22) of Wistar rats was associated (at in lttero cocaine exposure did not alter the trophic activity present P60) with decreased glucose metabolism in somatosensory and in cerebellar extracts (t = 0.01; p = NS), the effects of which motor cortices, hypothalamus, nigrostriatal pathway, medial were reduced relative to the striatal effect in both the vehicle-forebrain bundle, hippocampus, septum, and amygdala v~hcn-treated (t = 6.97; p < 0.005) and cocaine-treated pups (t = 3.50; compared with controls (32) . Prenatal cocaine exposure (40 mg/ p < 0.05). The growth effects of the cerebellar extracts were kg s.c.) decreased spontaneous activity in dopan~inergic celis in statistically similar to those observed in cultures containing a n the substantia nigra pars compacta and the ventral tcgmental equivalent quantity of BSA (data not shown).
area (33) . Rats exposed to cocaine (5 mg/kg s.c.) for their entire gestational period exhibited a 50% diminution of basal DA DISCUSSION release when assessed on P2 1 (12) . Cocaine exposure (30 nlglkg during E15-21) was also observed to reduce the rate-liniiting Our r e s~l t s indicate that cocaine exposure during early gesta-enzyme in DA synthesis, tyrosine hydroxylase. in the slriatcll tion significantly reduced striatal DA, DOPAC, and striatal matrix of rat pups assessed on P20, although striatal patch tyrosine hydroxylase was elevated (1 1). Cocaine exposure (10 mg/kg) between d E14-21 also reduced the number of DA reuptake sites when assessed at P42 (10) . These various indices of DA neuron activity are also consistent with the increase in striatal D2 dopamine binding observed in rat pups after prenatal cocaine exposure (40 mg/kg), because reduced striatal DA is associated with a n up-regulation of this receptor subtype (19, 34, 35) . Taken together, these data are consistent with a negative effect of prenatal cocaine on the development and maturation of the DA system.
Several investigators have observed that the development of neurons is dependent upon the availability of target-derived neurotrophic factors (36) (37) (38) . Developing neurons compete for a limited quantity of target-derived factor. Those neurons that take up the factor survive to innervate their target. Those neurons that d o not take up adequate amounts of this factor undergo what is referred to as "programmed cell death" or apoptosis. Indeed, the neuron death observed in culture may very well reflect programmed cell death (39) . It is therefore possible that the cocaine-induced decrease in striatal-derived neurotrophic activity could lead to increased rates of programmed cell death and an associated underdevelopment of the DA system. It is also possible that the anesthetic effects of cocaine could have a direct effect on the development of the DA neuron, inasmuch as several authors have reported that the electrical activity of neurons plays a major role in their development (40) .
The mechanism responsible for the effect of cocaine on DA development is unknown. Woods cJt at. (41) have reported that the administration of cocaine during pregnancy reduces fetal blood flow and oxygenation. Continued hypoxia could result in a variety of teratogenic effects that could directly influence the development of the DA system. However, the results from the present study also suggest that prenatal cocaine might indirectly affect the growth of DA neurons. If the development and maturation of mesencephalic DA neurons is dependent upon the availability of target-derived neurotrophic factors, the observed cocaine-induced reduction in this trophic activity may have been inadequate to support the growth of DA neurons during develo p h e n t , leading to reductions in DA observed in our study as well is by others.
The present results therefore extend the observations of others that prenatai cocaine exposure negatively affects the DA system. The finding that prenatal cocaine exposure also affects trophic activity in the striaturn may offer a new mechanism through which teratogenic effects on the DA system may occur. These alterations in DA and striatal trophic activity may underlie many of the developmental problerns observed in animals and humans exposed to cocaine during pregnancy.
